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BTK Regulates PtdIns-4,5-P2 Synthesis:
Importance for Calcium Signaling and PI3K Activity
pete for a common pool of substrate. Consequently,
PtdIns-4,5-P2 levels decrease, in some cases dramati-
cally, following receptor activation (Billah and Lapetina,
Kan Saito,1,6 Kimberley F. Tolias,2,6,7
Abdelhafid Saci,2 Henry B. Koon,2
Lisa A. Humphries,3 Andrew Scharenberg,4
1982; Weiss et al., 1982). Based on the amount of IP3David J. Rawlings,4,5 Jean-Pierre Kinet,1,*
produced in response to receptor stimulation, newand Christopher L. Carpenter2,*
PtdIns-4,5-P2 must be synthesized to provide sufficient1Department of Pathology and
substrate (Willars et al., 1998). These observations sug-2 Department of Medicine
gest that stimulation of PtdIns-4,5-P2 synthesis couldBeth Israel Deaconess Medical Center and
be an essential regulatory step to sustain the activationHarvard Medical School
of PI3K and PLC, yet this possibility has never been in-Boston, Massachusetts 02215
vestigated.3 The Molecular Biology Institute
PtdIns-4,5-P2 is synthesized by the phosphorylationUniversity of California, Los Angeles
of PtdIns-4-P at the D-5 position of the inositol ring byLos Angeles, California 90095
phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks).4 Department of Pediatrics and
There are three isoforms of PIP5Ks, ,  and , which5 Department of Immunology
are all widely expressed (Carvajal et al., 1996; IshiharaUniversity of Washington School of Medicine
et al., 1996, 1998; Loijens and Anderson, 1996). AlthoughSeattle, Washington 98195
the sequences of the PIP5Ks isoforms are quite con-
served, they do not contain any known protein-protein
interaction domains, and so it has not been obviousSummary
how their activity and PtdIns-4,5-P2 synthesis might be
regulated. We have shown that PIP5Ks associate withIntracellular signaling by most cell surface receptors
the small GTP binding protein Rac1 and that this associ-requires the generation of two major second mes-
ation is necessary for Rac1-stimulated PtdIns-4,5-P2sengers, phosphatidylinositol-3,4,5-trisphosphate
production and actin assembly in platelets (Tolias et al.,(PtdIns-3,4,5-P3) and inositol-1,4,5-trisphosphate (IP3). 1995, 1998, 2000). Talin has also recently been shownThe enzymes that produce these second messengers,
to bind to and recruit PIP5K  to focal adhesions wherephosphoinositide 3-kinase (PI3K) and phospholipase
it regulates focal adhesion assembly (Di Paolo et al.,C (PLC), utilize a common substrate, phosphatidylino-
2002; Ling et al., 2002). These findings suggest that localsitol-4,5-bisphosphate (PtdIns-4,5-P2). Until now, it has PtdIns-4,5-P2 generation, necessary for signaling, cannot been clear whether de novo PtdIns-4,5-P2 synthe- be regulated by recruitment of PIP5Ks to the plasma
sis is necessary for PtdIns-3,4,5-P3 and IP3 production. membrane.
Here we show that BTK, a member of the Tec family BTK is a Tec family cytoplasmic protein tyrosine ki-
of cytoplasmic protein tyrosine kinases, associates nase expressed primarily in B cells. Mutations in BTK
with phosphatidylinositol-4-phosphate 5-kinases impair cellular responses to activation of the B cell anti-
(PIP5Ks), the enzymes that synthesize PtdIns-4,5-P2. gen receptor (BCR) and cause the B cell immunodefi-
Upon B cell receptor activation, BTK brings PIP5K to ciencies X-linked agammaglobulinemia (XLA) in humans
the plasma membrane as a means of generating local and X-linked immunodeficiency (Xid) in mice (Satter-
PtdIns-4,5-P2 synthesis. This enzyme-enzyme interac- thwaite and Witte, 2000). BTK is essential for PLC2
tion provides a shuttling mechanism that allows BTK activation and the generation of IP3 and sustained eleva-
to stimulate the production of the substrate required tions in intracellular calcium following BCR engagement
by both its upstream activator, PI3K, and its down- (reviewed in Kurosaki, 1999). The mechanism of BTK
stream target, PLC-2. activation is thought to involve a two-step process in
which BTK is phosphorylated by a Src family tyrosine
kinase and recruited to the plasma membrane by bind-Introduction
ing to the PI3K product PtdIns-3,4,5-P3 (Scharenberg et
al., 1998). Recent data suggest that PI3K activity is notPhosphoinositide 3-kinase and phospholipase C play
required for BTK phosphorylation (Suzuki et al., 2003).critical roles in intracellular signal transduction path-
Since inhibition of PI3K blocks BTK-dependent PLC2ways activated by most cell surface receptors. Both
tyrosine phosphorylation, PI3K products are probablyenzymes utilize PtdIns-4,5-P2 as their substrate, but
necessary to localize BTK to the plasma membrane oncewhether their activities are regulated by the cellular lev-
it is activated.els or synthesis of PtdIns-4,5-P2 is not known. PI3K and
The dependence of BTK on PI3K, as well as its abilityPLC often colocalize in the same signaling complexes,
to stimulate PLC2, places BTK at a critical nexus in phos-resulting in a situation in which both enzymes may com-
phoinositide signaling pathways that require PtdIns-4,
5-P2. Although BTK appears to phosphorylate and*Correspondence: jkinet@caregroup.harvard.edu (J.-P.K.); ccarpent
thereby activate PLC2 (Watanabe et al., 2001), phos-@caregroup.harvard.edu (C.L.C.)
phorylation may not be the only way in which BTK regu-6 These authors contributed equally to this work.
lates phosphoinositide metabolism. For instance, ex-7 Present address: Division of Neuroscience, Children’s Hospital,
Harvard Medical School, Boston, Massachusetts, 02215. pression of a kinase-inactive BTK mutant has been
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Figure 1. Kinase-Dead BTK Stimulates Cal-
cium Flux in Response to Activation of the
BCR
(A and B) A20 B cells were infected with either
wild-type BTK, a BTK K430R kinase-dead
mutant (A), a BTK construct in which the ki-
nase domain is deleted (Kinase, [B]), or con-
trol viruses. Thirteen hours later the cells were
harvested and loaded with fura-2, and cal-
cium mobilization in response to 15 g/ml of
Fab2 rabbit anti-mouse IgG was measured
in a bulk spectrofluorimeter at 30C.
(C) A fraction of the lysate was Western blot-
ted for BTK expression. Because of the expo-
sure endogenous Btk, although present, is
not evident.
reported to partially (Takata and Kurosaki, 1996) or fully PLC2 and PI3K, we hypothesized that BTK could acti-
vate both enzymes by stimulating PtdIns-4,5-P2 synthe-(Tomlinson et al., 2001) reconstitute BCR-stimulated cal-
cium flux in BTK-deficient DT40 cells. In addition, tyro- sis. By interacting with PIP5Ks, BTK could shuttle PIP5Ks
to the plasma membrane, leading to local PtdIns-4,5-P2sine phosphorylation of PLC2 in response to BCR acti-
vation appears to be unaffected in some cell lines synthesis in response to activation of the BCR. This
model would explain why a kinase-dead BTK mutantdeficient in BTK (Fluckiger et al., 1998). These data sug-
gest that BTK may not be required for PLC2 phosphory- partially rescues IP3 production in BTK null cells. We
found that PIP5Ks do associate with BTK and promotelation in all systems and that BTK might activate PLC2,
at least in part, by a mechanism that does not require IP3 and PtdIns-3,4,5-P3 synthesis. BTK-dependent re-
cruitment of PIP5Ks is a shuttle mechanism to regulateBTK-dependent phosphorylation.
Although PI3K can act upstream of BTK, BTK may PI3K and PLC activity through PtdIns-4,5-P2 generation.
also stimulate PI3K activity. Craxton et al. (1999) found
that Akt, the primary serine/threonine protein kinase Results
downstream of PI3K, is not activated by BCR engagment
in BTK-deficient DT 40 cells. PI3K is activated normally Kinase-Dead BTK Stimulates Calcium Mobilization
We previously showed that expression of a kinase-deadin BTK/ mouse B cells (Suzuki et al., 2003), but it is
possible that Tec, another Tec family member expressed mutant of BTK in A20 B cells led to increased PtdIns-
3,4,5-P3 levels (Scharenberg et al., 1998). One explana-in B cells, could compensate for BTK. We previously
found that overexpression of BTK increases PtdIns- tion for this finding is that the BTK PH domain binds to
PtdIns-3,4,5-P3 and protects it from degradation. In this3,4,5-P3 levels and that a kinase-dead mutant of BTK
increases PtdIns-3,4,5-P3 levels to the same extent as case, a kinase-dead BTK mutant would not stimulate a
sustained calcium flux and would act as a dominant-wild-type BTK (Scharenberg et al., 1998). These findings
raised the possibility that the kinase activity of BTK is not negative to block BCR signaling since it would compete
with endogenous BTK for membrane localization. If,necessary to stimulate PI3K. BTK could have a kinase-
independent role that regulates both PLC2 and PI3K however, BTK stimulates phosphoinositide synthesis in-
dependent of its kinase activity, kinase-dead BTK couldby functioning as an adaptor protein. Several proteins
have been reported to bind BTK, including protein ki- potentiate calcium flux. To distinguish between these
possibilities, we determined the effect of expressingnases C (Yao et al., 1994), the transcription initiator TFII I
(Yang and Desiderio, 1997), and / subunits of hetero- kinase-dead BTK mutants on the sustained increase in
calcium in response to BCR crosslinking. A20 B cellstrimeric GTP binding proteins (Tsukada et al., 1994).
However, there is no clear role for these proteins in BTK were infected with vaccinia viruses that express either
the BTK K430R kinase-dead mutant or a mutant in whichsignaling in response to BCR activation.
Since PtdIns-4,5-P2 is required as a substrate for both the kinase domain has been deleted (Kinase). Thirteen
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hours after infection, the BCR was stimulated and cal-
cium flux was measured. Expression of either the K430R
mutant or theKinase BTK construct enhanced the sus-
tained increase in intracellular calcium levels in re-
sponse to BCR activation (Figure 1). Expression of a Btk
construct containing the R28C PH domain mutation,
which prevents PtdIns-3,4,5-P3 binding and membrane
localization of BTK (Hyvonen and Saraste, 1997), did
not stimulate calcium flux (data not shown). The greater
magnitude of the effect we detected using the kinase-
dead mutants, compared to Takata and Kurosaki (1996)
and our previous work (Scharenberg et al., 1998), may
be due to higher levels of protein expression in this
experiment. These findings indicate that BTK has a ki-
nase-independent function that stimulates calcium flux.
PIP5Ks Interact with BTK
We next investigated how BTK might regulate both
PtdIns-3,4,5-P3 production and the sustained increase
in intracellular calcium in a kinase-independent manner.
If BTK bound directly to PIP5Ks, BTK-dependent recruit-
ment to the plasma membrane could result in PtdIns-
4,5-P2 generation and regulate PtdIns-3,4,5-P3 and IP3
production. To determine whether BTK interacts with Figure 2. PIP5K Activity Associates with BTK
PIP5Ks, BTK was immunoprecipitated from primary (A) Primary splenic B cells were stimulated for 2 min with 10 g/ml
splenic B cells that were either resting or had been of Fab2 rabbit anti-mouse IgM or left unstimulated. Cells were then
stimulated by BCR crosslinking with -IgM. As shown in quickly spun down and lysed, and postnuclear supernatants were
immunoprecipitated with BTK antibody or nonimmune serum (NI).Figure 2A, PIP5K activity was constitutively associated
Phosphoinositide kinase assays were done on the immunoprecipi-with BTK, and the associated activity was not affected
tates and on total cell lysate using PtdIns-4-P as the substrate. Theby BCR crosslinking. We were unable to detect an inter-
products were separated by TLC and visualized as described in the
action between endogenous BTK and PIP5Ks by West- Experimental Procedures.
ern blotting, probably because the fraction that associ- (B) A20 B cells were immunoprecipitated with BTK, PI3K, or PIPK5K
ates is small and our antibodies are not sensitive enough. antibodies or nonimmune serum, and the immunoprecipitates were
assayed for PIP5K activity. Some immunoprecipitates were treatedApproximately 0.02% of total cellular PIP5K activity as-
with 100 nM wortmannin (wort) for 15 min, which was then washedsociated with BTK, based on a comparison to the activity
away before the kinase assays were done.in cell lysate. We also confirmed that BTK interacts with
PIP5K in A20 and Ramos B cells (Figure 2B; data not
shown). The BTK-associated PIP5K activity was not sen- PtdIns-4,5-P2 synthesis. We incubated wild-type DT40
sitive to the PI3K inhibitor wortmannin, indicating that cells with 32P-PO4 for 3 min and then stimulated the BCR
the PtdInsP2 product is likely PtdIns-4,5-P2 and not for 2 min. As shown in Figure 3, activation of the BCR
PtdIns-3,4-P2 (Figure 2B, lane 3). PIP5K and PI 3-kinase stimulated PtdInsP2 synthesis 30% over the basal rate.
immunoprecipitates were also treated with wortmannin We determined by HPLC analysis that the PtdInsP2 in
as controls. These results demonstrate that BTK inter- both the basal and stimulated conditions was PtdIns-
acts with PIP5Ks and support the idea that a function 4,5-P2 (data not shown). We detected no other PtdInP2
of BTK may be to recruit PIP5Ks to the plasma mem- isomers, ruling out the possibility that the stimulated
brane and thereby stimulate PtdIns-4,5-P2 synthesis, PtdInsP2 was PtdIns-3,4-P2, produced by PI3K. We also
which provides substrate for both PI 3-kinase and measured 32P-ATP levels to be certain that BCR stimula-
PLC2. tion did not affect labeling of ATP, since a change in
the specific activity of the precursor pool would affect
PtdIns-4,5-P2 labeling efficiency. We detected no differ-BTK Is Necessary for BCR-Stimulated
PtdIns-4,5-P2 Synthesis ences in 32P-ATP levels (data not shown).
We next investigated whether BTK is necessary forIf the association of PIP5Ks with BTK is an important
regulatory component of B cell signaling, then BCR liga- BCR-stimulated PtdIns-4,5-P2 synthesis. Since BTK/
mouse B cells have a mild phenotype, perhaps becausetion should induce PtdIns-4,5-P2 synthesis, and stimu-
lated PtdIns-4,5-P2 synthesis should be impaired in of compensation by Tec kinase, we examined PtdIns-
4,5-P2 synthesis in BTK/ DT40 cells. We found thatBTK/ B cells. O’Rourke et al. have previously shown
that PtdIns-4,5-P2 synthesis is stimulated in permeabil- PtdIns-4,5-P2 synthesis was not stimulated significantly
in BTK/ DT40 cells (Figure 3). To be certain that theized B cells activated through the BCR and/or CD19
(O’Rourke et al., 1998); however, the response of intact lack of PtdIns-4,5-P2 synthesis in response to BCR acti-
vation was due to the absence of BTK, we also measuredB cells to BCR stimulation has not been investigated.
Because of the large constitutive amounts of PtdIns- BCR-stimulated PtdIns-4,5-P2 synthesis in DT40 cells in
which BTK expression had been reconstituted. BCR-4,5-P2 present in cells, short-term, nonequilibrium label-
ing with 32P-PO4 was necessary to measure de novo stimulated PtdIns-4,5-P2 synthesis was partially restored
Immunity
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Figure 3. BCR Stimulation of PtdIns-4,5-P2 Synthesis Is Absent in
Btk/ DT40 Cells
Wild-type (WT), Btk/ (BTK/), or Btk-reconstituted (Reconst.)
cells were cultured in phosphate-free medium for 2 hr, and then Figure 4. PIP5Ks Associate Directly with BTK and Also Bind to Tec
32P-PO4 was added 3 min before BCR stimulation. Two minutes after (A) A GST fusion of the BTK PH/TH domains, expressed in bacteria
BCR stimulation HCl was added to stop the labeling, and lipids were and bound to GSH beads, was incubated with either PIP5K  or 
extracted and separated by TLC. A representative TLC is shown produced in bacteria. Following washing, the beads were assayed
(A). PtdIns-4,5-P2 synthesis was quantified using a phosphorimager for PIP5K activity, and the products were separated by TLC and
([B], means of four experiments 	 SD). Phosphorimager units were visualized using a molecular imager.
normalized to the value of the unstimulated WT cells in the first (B) GST alone or GST fusions of the PH domains of Tiam1, Sos, or
experiment to correct for interexperiment differences in labeling and BTK (PH/TH domains) were incubated with rat brain homogenate,
exposure times. and PIP5K association was determined as described in (A).
(C) 293T cells were transfected with the indicated constructs (Flag-
Tec or HA-PIP5K). Tec was immunoprecipitated using Flag anti-
body and Western blotted with HA antibody to detect PIP5K .in these cells. These experiments confirm that PtdIns-
Lysates were also Western blotted with Flag or HA antibody to4,5-P2 synthesis is stimulated following BCR ligation and
assess protein expression.demonstrate that BTK is required. Further interpretation
of this result is complicated by the requirement of Btk
for activation of PLC2. We cannot exclude the possibil- the PH or TH domain showed that the PH, but not the TH,
ity that lack of PtdIns-4,5-P2 synthesis in Btk null cells domain is required for the interaction (data not shown).
is the result of lack of PtdIns-4,5-P2 consumption in the To determine whether the BTK PH domain binds di-
absence of PLC2 activity. rectly to PIP5Ks, we used recombinant PIP5K  or 
and a glutathione-S-transferase (GST) fusion of the BTK
PH/TH domain, all expressed in bacteria. (The PH do-PIP5Ks Associate Directly and Specifically
with the BTK PH/TH Domain main alone, expressed in bacteria, does not fold properly
[Hyvonen and Saraste, 1997].) The GST-BTK PH/TH do-To further characterize the BTK-PIP5K interaction, we
determined the region of BTK necessary for interaction main bound to GSH beads or GST alone was incubated
with PIP5K  or , and then associated PIP5K activitywith PIP5Ks. BTK is composed of several functional
domains including a pleckstrin homology (PH) domain, was assayed. As shown in Figure 4A, both PIP5K  and
 associated with the BTK PH/TH domain. These resultsa Tec homology (TH) domain, an Src homology (SH)
3 domain, an SH2 domain, and a kinase domain. To indicate that the interaction between PIP5Ks and BTK
is direct. We also investigated the specificity of PIP5Ksdetermine which region of BTK mediates its interaction
with PIP5Ks, A20 cells were coinfected with PIP5K  for binding to the PH domain of BTK by comparing
binding to the PH domains of Tiam1 and SOS. Very littleand BTK constructs containing deletions of the kinase
or PH/TH domains. BTK immunoprecipitates were then PIP5K activity associated with the PH domains of SOS
or Tiam1, compared to BTK (Figure 4B).Western blotted for PIP5K . The BTK construct lacking
the PH/TH domain failed to associate with PIP5K . A Since BTK/ mouse B cells have a mild phenotype,
which may be the result of Tec expression, we examinedgreen fluorescent protein (GFP) fusion of the BTK PH/
TH domain was also sufficient to associate with PIP5K whether PIP5Ks can interact with Tec (Ellmeier et al.,
2000). 293T cells were cotransfected with Tec and PIP5K,. Investigation of additional BTK mutants lacking either
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Figure 5. BTK Localizes PIP5K  to the Plasma Membrane
(A) A20 cells were infected with vaccinia viruses expressing BTK, the R28C mutant of BTK, and PIP5K . Six hours after infection the cells
were fixed and stained with PIP5K  antibodies as described in the Experimental Procedures. The scale bar represents 10 microns.
(B) A20 B cells were infected with PIP5K  and the indicated BTK viruses. BTK immunoprecipitates were assayed for PIP5K activity as
described in the Experimental Procedures.
(C) The number of cells showing predominant membrane localization of PIP5K  was counted in three experiments. Fifty cells were counted
in each experiment.
(D) A20 cells were infected with vaccinia viruses expressing a GFP fusion of the BTK PH/TH domain and PIP5K . Six hours after infection
the cells were fixed and stained with PIP5K  antibodies as described in the Experimental Procedures.
(E) Ramos cells were infected with vaccinia virus expressing PIP5K . Twelve hours later the cells were stimulated with -IgM for 3 min. Cell
lysates were separated into raft fractions by sucrose gradient ultracentrifugation. Individual fractions were collected and run on SDS-PAGE.
Fractions 3–5 constitute the raft fractions or membrane microdomains, while fractions 9–11 contain cytosolic proteins. Transferred proteins
were blotted with Lyn or with Flag antibody to detect PIP5K , and reblotted for BTK and PLC2.
and Tec immunoprecipitates were Western blotted for BTK Localizes PIP5K  to the Plasma Membrane,
and PIP5K Is Recruited to Lipid RaftsPIP5K . Tec was found to also associate with PIP5Ks
(Figure 4C), suggesting that part of the shared function If BTK functions as a shuttle to recruit PIP5Ks to the
plasma membrane, PIP5K localization should dependof BTK and Tec could be to stimulate PtdIns-4,5-P2 syn-
thesis. on BTK. We therefore investigated whether BTK is nec-
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essary for PIP5K localization to the plasma membrane
in vivo. A20 cells were infected with vaccinia viruses
expressing either PIP5K , PIP5K  and BTK, or PIP5K 
and BTK containing an R28C mutation in the PH domain
(Figure 5A). This mutation prevents PtdIns-3,4,5-P3 bind-
ing to the PH domain and membrane localization of BTK
(Hyvonen and Saraste, 1997), but it does not disrupt the
association between PIP5K  and BTK (Figure 5B). Cells
were fixed, and PIP5K localization was visualized by
immunofluorescence after staining the cells with PIP5K
 antibodies. PIP5K  is cytoplasmic when expressed
by itself (Figure 5A, left panel). Coexpression with BTK
localizes PIP5K  to the plasma membrane (Figure 5A,
middle panel), indicating that BTK does recruit PIP5K
. PIP5K  coexpressed with BTK containing an R28C
mutation remains cytoplasmic (Figure 5A, right panel),
as expected, since the R28C mutation prevents BTK
membrane localization. We quantified the number of
cells in each condition in which PIP5K was membrane
localized and found approximately a 6-fold increase in
membrane localization in the presence of wild-type BTK
(Figure 5C). We confirmed that the PH/TH domain of
BTK is sufficient to localize PIP5K to the plasma mem-
brane by coinfecting A20 B cells with a GFP fusion of
the BTK PH domain and PIP5K. The cells were stained
for PIP5K and visualized by immunofluorescence, which
showed plasma membrane colocalization (Figure 5D).
Activation of the pre-B and mature B cell receptors
leads to the formation of signaling complexes within
distinct membrane microdomains known as lipid rafts
(Guo et al., 2000; B. Guo and D.J.R., unpublished data).
Formation of these signaling complexes is necessary for Figure 6. PIP5K  and BTK Coexpression Enhances Calcium Flux
receptor-mediated calcium flux. To determine whether and IP3 Production in Response to BCR Activation
PIP5K localizes to lipid rafts following BCR stimulation, (A) A20 B cells were infected, and 13 hr later the cells were harvested,
Ramos B cells were infected with a vaccinia virus ex- washed once with calcium buffer, and loaded with fura-2. Calcium
mobilization was then measured in response to 15 g/ml Fab2pressing PIP5K. Cells were left quiescent or stimulated
rabbit anti-mouse IgG in a bulk spectrofluorimeter at 30C.with anti-IgM prior to lipid raft fraction preparation. The
(B) A20 B cells were infected, harvested, and washed identically tofractions were blotted for Lyn to identify the rafts and
those in (A). After washing, the cells were suspended at a concentra-also for BTK, PLC2, and PIP5K (Figure 5E). Lyn re-
tions of 5 
 107 cells/ml in calcium buffer and stimulated with 5 g/
mained constitutively present in rafts (fractions 4 and ml of Fab2 rabbit anti-mouse IgG. At the indicated times following
5). In contrast, BTK, PIP5K, and PLC2 were recruited stimulation, cells were spun down rapidly and lysed in 20% (W/V)
trichloroacetic acid, and IP3 levels were measured as described into the raft fraction in response to BCR stimulation.
the Experimental Procedures. The results are the means 	 SEM for
three experiments.PIP5Ks Stimulate Ca2 Flux and the Production of IP3
and PtdIns-3,4,5-P3 in Response to BCR Activation
If stimulation of PtdIns-4,5-P2 synthesis is an important and PIP5K , suggesting that the interaction between
the two proteins promotes PtdIns-4,5-P2 synthesis andcomponent of the regulation of PLC2 and PI3K activity,
then overexpression of PIP5Ks could augment BCR- thereby IP3 production. To confirm that the stimulation
of calcium flux in cells overexpressing PIP5K  wasstimulated PLC2 and PI3K activity. To determine
whether PIP5K  and PtdIns-4,5-P2 stimulate PLC- the result of increased IP3, we measured IP3 levels. IP3
synthesis was enhanced by expression of PIP5K  anddependent signals, we overexpressed PIP5Kand mea-
sured IP3 synthesis and calcium flux in response to BCR even further increased by coexpression of BTK and
PIP5K  (Figure 6B).activation. A20 B cells were infected with vaccinia vi-
ruses expressing PIP5K , BTK, or a control virus. Over- PtdIns-3,4,5-P3 production is necessary to recruit BTK
to the plasma membrane. Recruitment of PIP5Ks to theexpression of PIP5K  led to a small increase in the
sustained intracellular calcium level following BCR acti- plasma membrane by BTK and the resultant increase
in PtdIns-4,5-P2 synthesis could provide substrate nec-vation, comparable to that seen with overexpression of
BTK (Figure 6A) or a membrane-targeted PI3K (Scharen- essary to amplify PtdIns-3,4,5-P3 production. Such an
amplification loop could sustain membrane localizationberg et al., 1998). Although modest, this increase was
reproducible in five separate experiments. Expression and activation of BTK. To determine whether PIP5K 
affects PtdIns-3,4,5-P3 production, we measured PtdIns-of Btk also reproducibly blunts the initial peak of calcium
flux, compared to cell infected with a control virus or 3,4,5-P3 levels in cells overexpressing PIP5K . A20 cells
were infected with vaccinia virus expressing PIP5K overexpressing PIP5K. Sustained intracellular calcium
levels were further increased by coexpression of BTK and labeled with 32P-PO4, and then the BCR was stimu-
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Figure 7. PIP5K  Stimulates PtdIns-3,4,5-P3
Production Basally and in Response to BCR
Activation
(A) A20 B cells were infected with the indi-
cated vaccinia viruses. Thirteen hours later
the cells were harvested, labeled with 32P-PO4,
and stimulated or not for 2 min with 30 g/
ml Fab2 rabbit anti-mouse IgG. Lipids were
then extracted, analyzed by TLC, and visual-
ized with a molecular imager as described in
the Experimental Procedures.
(B) Quantification of PtdIns-3,4,5-P3 levels in
response to BCR activation as in (A) in A20
B cells overexpressing p110-CAAX or PIP5K
. Results are the means of three experi-
ments 	 SEM.
(C) A20 B cells were infected with vaccinia vi-
ruses expressing the indicated proteins, la-
beled with 32P-PO4, and stimulated or not for 2
min with 30g/ml Fab2 rabbit anti-mouse IgG.
Lipids were then extracted, analyzed by TLC,
and visualized with a molecular imager as de-
scribed in the Experimental Procedures.
lated. Two minutes after stimulation, phosphoinositides important second messenger PtdIns-3,4,5-P3, and hy-
drolysis of PtdIns-4,5-P2 by PLCs produces IP3 and DAG,were extracted and separated by TLC. Basal PtdIns-
3,4,5-P3 levels were increased in cells overexpressing necessary for calcium entry and PKC activation, respec-
tively. We have examined signaling by the BCR as aPIP5K , but not to the same extent as in cells overex-
pressing the membrane-targeted catalytic subunit of model receptor to understand the role of PtdIns-4,5-P2
in the regulation of PI3K and PLC activity. We chose thePI3K (p110 CAAX) (Figure 7A). Synthesis of PtdIns-3,4,
5-P3 in response to BCR activation was markedly in- BCR because several observations suggested that BTK
might regulate PtdIns-4,5-P2 levels downstream of BCRcreased in cells overexpressing PIP5K  (Figure 7B),
whereas there was a less detectable increase in cells activation.
Little is known about whether PtdIns-4,5-P2 synthesisexpressing p110 CAAX. This result suggests that PtdIns-
4,5-P2 synthesis is required for maximal PtdIns-3,4,5-P3 is required to provide substrate for PI3K and PLC or
how PtdIns-4,5-P2 levels are regulated in cells. PtdIns-production. There was no detectable change between
basal and stimulated levels of PtdIns-4,5-P2 in cells over- 4,5-P2 is synthesized by PIP5Ks, enzymes that have little
homology to other proteins and lack obvious means ofexpressing PIP5K  compared to control cells, indicat-
ing that de novo PtdIns-4,5-P2 synthesis must be re- regulation or interaction with other proteins. The Rho
family small GTP binding proteins, RhoA and Rac1, mayquired for PtdIns-3,4,5-P3 generation.
To determine whether BTK is required for PIP5K both regulate PtdIns-4,5-P2 synthesis (Chong et al.,
1994; Hartwig et al., 1995; Oude Weernink et al., 2000;-dependent PtdIns-3,4,5-P3 synthesis in response to
BCR activation, we measured PtdIns-3,4,5-P3 levels in Ren et al., 1996; Tolias et al., 2000). Rac1, and to a lesser
extent, RhoA, associate with PIP5Ks. Expression of anA20 cells coexpressing PIP5K  and wild-type BTK, the
kinase-dead BTK mutant, or the R28C mutant. Coex- activated form of RhoA increases PIP5K activity, which
requires the protein serine/threonine kinase, Rho-acti-pression of PIP5K  with BTK increased both the basal
and stimulated levels of PtdIns-3,4,5-P3, compared to vated kinase (Oude Weernink et al., 2000). In platelets,
both PIP5Ks and their association with Rac1 are re-expression of PIP5K  alone, suggesting the proteins
are in a common pathway (Figure 7C). Coexpression of quired for thrombin- and Rac1-stimulated PtdIns-4,5-P2
synthesis and actin polymerization (Tolias et al., 2000).PIP5K  with the kinase-dead K430R BTK mutant also
increased basal and stimulated PtdIns-3,4,5-P3 levels, Rac1 acts as a shuttle to bring PIP5Ks to the plasma
membrane to generate PtdIns-4,5-P2 required for signal-although not to the same extent as overexpression of
PIP5K  with wild-type BTK. In contrast, coexpression ing. PtdIns-4,5-P2 synthesis was also shown to be in-
creased in response to activation of both the BCR andof PIP5K with the R28C BTK mutant, which associates
with PI5PK (Figure 5B) but is not membrane targeted, CD19 and was inhibited in B cells from Vav1/ mice,
suggesting that Rac1 might also affect PtdIns-4,5-P2inhibited both the basal and the stimulated PtdIns-
3,4,5-P3 levels compared to overexpression of PIP5K  synthesis in B cells (O’Rourke et al., 1998).
The results of the current study indicate that BTKalone. These results indicate that BTK is required for
PIP5K -induced PtdIns-3,4,5-P3 synthesis. also acts as a shuttle to bring PIP5Ks to the plasma
membrane and specifically to lipid rafts. This shuttling
function of BTK provides PtdIns-4,5-P2 as a substrateDiscussion
for both PI3K and PLC2 in response to activation of
the BCR. We found that BTK associates directly withPtdIns-4,5-P2 is an essential intermediate in cellular re-
sponses to the activation of most surface receptors. PIP5Ks through the BTK PH/TH domain. The other Tec
family kinase expressed in B cells, Tec, also associatesPhosphorylation of PtdIns-4,5-P2 by PI3K generates the
Immunity
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with PIP5Ks and probably mediates a similar shuttling synthesis, mediated by plasma membrane recruitment
function. Although overexpression of PIP5K  did not of PIP5Ks, is important for both PtdIns-3,4,5-P3 and IP3
increase the basal levels of PtdIns-4,5-P2, it did lead to synthesis. Provision of PtdIns-4,5-P2 to PI3K results in
an increase in the sustained calcium response in cells increased PtdIns-3,4,5-P3 synthesis and likely sustained
in which the BCR was activated, similar to overexpres- localization of BTK at the plasma membrane where it is
sion of BTK (Scharenberg et al., 1998). Overexpression active. In addition, BTK-dependent PtdIns-4,5-P2 pro-
of both BTK and PIP5K  caused a further increase in duction appears to be necessary for sustained IP3 pro-
the sustained calcium response, suggesting that the two duction. The regulation of PtdIns-4,5-P2 synthesis as a
enzymes might function in the same pathway. These step in the production of PtdIns-3,4,5-P3 and IP3 may
data argue that de novo PtdIns-4,5-P2 synthesis is nec- also be utilized by other receptors through similar shut-
essary to provide substrate for sustained PLC2 activity. tle mechanisms.
De novo synthesis may be required because a large
fraction of PtdIns-4,5-P2 present constitutively in cells Experimental Procedures
is likely to be protein bound and not accessible for use
Cell Culture, Recombinant Virus Production, cDNAs,as a substrate.
and Isolation of Primary B CellsPI3K also requires PtdIns-4,5-P2 as a substrate, and
A20 B cells were grown in RPMI-1640 with 10% fetal bovine serumour data suggest that de novo PtdIns-4,5-P2 synthesis and 105 M 2-mercaptoethanol. A20 infections were performed by
is necessary for optimal PtdIns-3,4,5-P3 generation. A adding 5 pfu/cell of recombinant virus to cells that were about 20%
small amount of PtdIns-3,4,5-P3 production in response confluent and allowing infections to proceed for 12–15 hr. Where
appropriate, control recombinant virus was added so that all sam-to BCR activation may occur in the absence of new
ples were exposed to an equal number of pfu/cell. A recombinantPtdIns-4,5-P2 synthesis, resulting in the recruitment and
virus containing a cDNA encoding human Gl inserted in an anti-full activation of BTK. Additional PtdIns-4,5-P2 produc-
sense orientation was used as the control virus because the tran-tion, resulting from BTK-dependent PIP5K recruitment,
script generated was similar in length to that of BTK and the PIP5Ks.
would provide substrate for PI3K, leading to continued The wild-type PIP5Ks were constructed by subcloning the PIP5K
PtdIns-3,4,5-P3 synthesis and sustained BTK localiza- , PIP5K , and PIP5K  cDNAs into the pSC-66 plasmid using 5
tion to the plasma membrane. This model would also SalI and 3 NotI restriction sites. The K179M, D307A, and K179M/
D307A double mutants were generated by a site-directed mutagene-explain the observation that BTK is necessary for Akt
sis kit and subcloned into pSC-66. Recombinant viruses were thenactivation (Craxton et al., 1999).
selected with 5-bromo-2-deoxyuridine/-galactosidase selection,Recent work has identified many of the components
amplified, and titered using standard techniques. Other recombinant
and complexes that lead from activation of the BCR BTK and vaccinia viruses have been described previously (Scharen-
to the opening of the store-operated calcium channel berg et al., 1998). Primary B cells were isolated from the spleens
(Kurosaki, 2000). Both biochemical and genetic experi- of 12-week-old mice using CD43 depletion with magnetic beads
(Miltenyl Biotech).ments argue that BTK, BLNK, PI3K, and PLC2 are all
necessary for IP3 production in response to BCR activa-
Chemicals, Antibodies, Cell Lysis, Immunoprecipitations,tion, but it has been difficult to detect changes in the
Western Blotting, and Kinase Assaysphosphorylation and formation of multiprotein com-
Phosphatidylserine (PS) was purchased from Avanti Polar lipids,plexes of endogenous proteins. This suggests that only
and phosphatidylinositol-4-phosphate (PtdIns-4-P) was purchaseda small fraction of endogenous proteins are normally
from Biomol. Anti-FLAG M2 antibody was obtained from Sigma.
involved in signaling in this pathway, and for optimal Polyclonal anti-BTK has been described previously (Scharenberg
signal transduction all of the enzymatic activities of the et al., 1998). PIP5K antibodies are rabbit polyclonals raised against
components would be necessary. Under conditions of GST fusion proteins of either the  or  isoform. A20 B cells were
stimulated with Fab2 rabbit anti-mouse IgG (15 g/ml), purchasedoverexpression, individual components of BTK signaling
from Jackson Immunoresearch. Cells were lysed in Tris HCl-buf-can be revealed, such as its scaffolding function. The
fered saline (pH 7.4) containing 1% Brij 97 or 0.5% Triton X-100, 2ability of a kinase-dead BTK mutant to stimulate the
mM sodium vanadate, 5 mM EDTA, 5 mM NaF, and 5 g/ml ofpathway is likely due in part to the degree of overexpres-
leupeptin and pepstatin. Immunoprecipitations, Western transfer,
sion. In cells with endogenous levels of proteins and and immunoblotting were done as described previously (Scharen-
lower receptor signal strength, it is likely that both the berg et al., 1995). The immunoprecipitates were subjected to West-
scaffolding function and kinase activity of BTK are re- ern blot analysis using the enhanced chemifluorescent detection
system (Amersham Pharmacia Biotech). The blots were analyzedquired to stimulate PLC2. Indeed, current studies using
using a Molecular Dynamics STORM imager and ImageQuant soft-PLC2 phosphospecific antibodies clearly demonstrate
ware. Phosphatidylinositol phosphate kinase assays were done asthat, in response to BCR engagement, BTK phosphory-
previously described (Tolias et al., 1998). In brief, sonicated PtdIns-lates two key regulatory sites essential for optimal 4-P and phosphatidylserine (70M and 130M final concentrations,
PLC2 activity (L.A.H. and D.J.R., unpublished data). respectively) were added to the washed immunoprecipitates. The
Thus, the action of BTK as a kinase and a scaffold, reactions were begun by addition of -32P-ATP (50 M and 10 Ci
regulating both PLC2 activity and the production of final concentrations) and MgCl2 (10 mM final concentration) in a final
volume of 50 l. The reactions were allowed to proceed for 5 or 10its enzymatic substrate, likely act in concert to control
min at room temperature and then were stopped by the addition ofreceptor-mediated calcium mobilization.
80 l of 1 M HCl. Lipids were extracted by the addition of 160 l ofOur study has identified a scaffolding function for
CHCl3:MeOH (1:1, v/v). The chloroform extract was separated byBTK, which allows BTK to provide substrate for both its TLC, and the labeled lipids were visualized and quantified using a
upstream regulator and downstream target. The associ- molecular imager.
ation of PIP5K with BTK enables BTK to stimulate
PtdIns-4,5-P2 synthesis to generate a feed forward acti- Immunofluorescence Microscopy
vation loop to sustain both BTK and PLC2 activity. For immunofluorescence studies, cells were grown on glass cov-
erslips. Coverslips were rinsed in PBS, and then cells were fixedWe have also demonstrated that de novo PtdIns-4,5-P2
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677
and permeabilized using Cytofix/Cytoperm Kit (Pharmingen). After Fellowship. D.J.R. is the recipient of a McDonnell Scholar Award, a
Leukemia and Lymphoma Society Scholar Award, and the Joan J.fixation and permeabilization the coverslips were washed in PBS,
and they were blocked for an hour at 4C in washing solution. Cov- Drake Grant for Excellence in Cancer Research.
erslips were then incubated with 10 g/ml of anti-PIP5K antibody
in washing solution for 1 hr at 4C. This was followed by labeling Received: April 11, 2003
for 1 hr at 4C with Alexa 568 goat anti-rabbit IgG (Molecular Probes) Revised: August 8, 2003
in washing solution. After washing, coverslips were mounted on Accepted: August 27, 2003
slides with PBS. Digital images were acquired using an MRC-1024 Published: November 11, 2003
laser scanning confocal microscopy system (Bio-Rad Laboratories,
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